Introduction
Electric field measurement is employed in various industries, such as power systems [1, 2] , electrostatic detection [3] , and atmospheric science [4] . While ac electric field measurement is comparatively easy, dc electric field measurement is complicated because of no cyclic variation with respect to time. A few different technologies are employed for dc field sensing, such as force deflection sensor [5] , the electro-optic meter [6] , and the field mill [7] . The working principle of a field mill is that, by repeated chopping of the incident field using an electrically grounded shutter, an alternating field whose amplitude is proportional to the incident dc field is generated. The field strength of this alternating field can then be measured with the sensing electrodes by the amplitude of the induced current.
Based on the concept of the macroscopic field mill, a few micromachined electric field mill (MEFM) designs were investigated and fabricated [8] [9] [10] [11] . Commonly a laterally vibrating perforated grounded shutter is used to periodically shield underlying sense electrodes from the incident dc field (Fig. 1) . The MEFM from Horenstein et al. [8] consists of a single slit shutter and comb drive to actuate the shutter, while in the design of Chen et al. [9] employs a periodically perforated shutter actuated by thermal actuators. A resonant working shutter was used to improve MEFM performance by Wijeweera et al. [10] , due to reduced drive signal to actuate the shutter. In [11] , Gong et al. presented a study of the MEFM design for improved signal performance, as a function of geometry of the perforated grounded shutter and underlying electrodes.
An MEFM using an electrically floating shutter has not been investigated before. In this paper, we present this new concept for an MEFM, investigated for a dielectric silicon shutter, which is not connected to electric ground. 
Basic ideas and structure parameters
In Fig. 1 , the parameters of S w , t s , E w , and g are studied in simulation to determine their effects on the MEFM signal when measuring a dc electric field. All of four parameters are fully investigated using FEM simulations. The definitions and expected ranges of different MEFM design parameters are given in TABLE I. Among all these parameters, L corresponds to the total shutter displacement, while the other four are arbitrary with the condition that S w and E w should not be larger than L. The concept of the field mill is such that the sensing electrodes charge as one plate of a capacitor when exposed to an electric field. For the case of an ideal field mill with no fringing as the field passes the shutter perforation, the field measured by the sense electrode is:
where d is the distance between the MEFM and an infinite plane voltage plate biased at V S , see Fig. 2 . While, for a shielded electrode under a dielectric shutter the field strength is:
where ε rAir is the relative permittivity of air and ε rSi is the relative permittivity of the silicon. Equation 2 shows that when the sense electrode is covered by the silicon shutter, E sh is slightly larger than E ex , due to the difference in the relatively permittivity of silicon being higher than air. 
Results and analysis
The results of the simulations are presented in this section with the applied field strength equals 0.1 V/m. Fig. 3  (a) shows that the differential charge (Q diff ) measured by the sense electrodes from an incident dc field changes with shutter spacing from the electrodes, for a silicon dielectric shutter (ε rSi = 11.67). We see that the ratio of g/L, results in higher Q diff (green) at low g/L ratios. On the other hand, Fig. 3 (b) shows the result of an electrically grounded shutter with the same dimensional parameters. Comparing Fig. 3 (a) and Fig. 3 (b) , we see that although Q diff in both figures increases as g/L decreases, few differences can be observed. First, in Fig. 3 (a) , the shielded electrode (blue) has more induced charge than the exposed electrode and vice versa in Fig. 3 (b) . Secondly, the induced charge on the exposed electrodes (red) in Fig. 3 (a) decreases along with a decreasing g/L unlike the one in Fig. 3 (b) . Fig. 3 (c) shows the comparison of Q diff in Fig. 3 (a) and Fig. 3 (b) . We can see that Q diff is higher for the dielectric silicon shutter than the electrically grounded shutter, for example ~3 times for g/L = 0.2 rising to over 5 times for g/L = 0.1. We can see that the amount of induced charge on the shielded electrodes increases with t s while that on the exposed electrodes decreases. We can see that Q diff increases with increasing t s , but this increment diminishes significantly for t s /L > 0.7. This is a contrary to a conventional MEFM with an electrically grounded shutter, for which a thicker shutter leads to a smaller signal. Fig. 4 (b) shows how Q diff varies with E w and S w . Over the axis of S w /L, a peak can be observed around S w = 0.7L with g = 0.1 L, though the peak shifts slightly with change of E w and g. We can also see that Q diff also generally increases with a decreasing E w /L ratio. However, this begins to diminish for E w /L > 0.6. 
Conclusion
The results of the simulation studies demonstrate the potential for an MEFM with dielectric shutter. Compared to the conventional MEFM with a grounded shutter, a silicon dielectric shutter can have a much better performance. Furthermore, according to simulation, a nearly optimal performance is obtaining for the case of E w /L = 0.6, S w /L = 0.7, t s /L = 0.7, and g/L = 0.1.
